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Environmental Remediation of TNT using Nanoscale Zero-Valent Iron Metal 
 
Erica Echols 
 
ABSTRACT 
 
 
 
 This research focused on the use of nanoscale zero-valent iron (NZVI) to 
remediate trinitrotoluene (TNT).  Zero-valent iron has demonstrated effective degradation 
of TNT, however, these particles themselves have significant problems in treating sorbed 
phase TNT in the aerobic environment.  This research was comprised of four areas:  
degradation studies of neat nano-iron with aqueous TNT, degradation studies of nano-
iron emulsion with aqueous TNT, characterization of TNT in Vieques, Puerto Rico 
sediment, and Solid Phase Microextraction (SPME) technique interface with HPLC.  
Both neat and emulsion NZVI studies showed TNT degradation.  More degradation was 
seen in studies using fresher iron.  The results from our characterization study in Vieques, 
PR showed no presence of TNT within our detection limits of 0.0625ppm.   Also, SPME 
is a new extraction solvent saving technique being explored because of its reproducible 
extractions in water.  This work also gives a brief history of SPME and possible uses with 
TNT. 
 
 
 
 
 
 
 1 
 
 
 
 
Chapter 1: TNT History 
 
 
1.1 Introduction 
 
Trinitrotoluene (Figure 1) is a solid organic compound used chiefly as an 
explosive and is prepared by stepwise nitration of toluene.   
Figure 1.  Structure of 2,4,6-Trinitrotoluene  
 
The explosive itself and some of its degradation and transformation products 
are considered serious environmental contaminants with potential harmful and toxic 
effects on animals, plants and humans.  Due to its relatively water soluble nature, it 
can migrate through the soil to cause unwanted groundwater contamination.  TNT is 
toxic to algae and invertebrates, and chronic exposure to TNT by humans causes 
harmful health effects, including anemia, abnormal liver function, cataract 
development, and skin irritation.   Human exposure to ambient levels of TNT above 
0.1 mg/m3 for an 8-hour time weighted average (TWA) without appropriate 
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respiratory protection is the toxic (U.S. DOD 1984). The lethal dose for humans is 1-
2 grams and the drinking water unit risk is 9.0E-7 ppb (U.S. DOD 1984).   Table 1 
lists guidelines for limits of TNT as set by the Agency for Toxic Substances and 
Disease Registry (ATSDR). 
   
Table 1.  Environmental Limits of TNT using Cancer Risk Evaluation Guides 
(CREGs) 
 
Source Limit 
Soil 20 ppm 
Surface Water 1 ppb 
Ground Water 1 ppb 
Drinking Water 9.0E-7 ppb 
 
TNT has been introduced in the environment by many mechanisms.  It is an 
explosive used in military shells, bombs, and grenades, industrial applications, and 
underwater blasting.  Environmental contamination may occur while manufacturing 
the compound, transport and detonation of bombs, and recycling and storage of the 
TNT containing explosives.   Contaminated sites include, but are not limited to, 
production sites, warehouse facilities, and waste destruction sites, as well as 
explosives testing sites where TNT-containing products are detonated and dispersed. 
Additionally, wastewater from processing explosives can be contaminated with TNT.  
For years, this water was discarded outside of the manufacturing facilities, on the 
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ground or in lagoons that leached explosives into soil and groundwater (Boopathy 
1998).   
There are several possible strategies for the removal of TNT contaminants in 
soil and water.   Most cleanup methods include excavation of the polluted sites, 
followed by incineration or composting.  In soil, some remediation strategies include 
biotechnological applications of bacteria and fungi by way of composting and land 
farming (Jarvis 1998).  Microorganisms cultured within the compost piles degraded 
the TNT by breaking it down into its fundamental parts and using them as a nutritive 
carbon source (Jarvis 1998). Other remediation techniques bypass the composting 
phase and instead add isolated degradative enzymes from the microorganisms 
themselves directly to the excavated soil, allowing for a speedier approach.  
Bioremediation is one of many reformative pathways that have been used for TNT 
removal.  One of the newest of these methods is phytoremediation.  This simply 
refers to the use of plants instead of chemicals to decontaminate the environment.    
Phytoremediation has been a successful tool for the remediation of organic 
pollutants (Susarla et al. 2002; Burken 2003), radionuclides and heavy metals (Riley 
et al. 1992; Stern et al. 1996).  Numerous studies have indicated the ability of several 
plant and algal species to take up and metabolize TNT from water and soil (Schnoor 
et al. 1995; Hughes et al. 1997; Rivera et al. 1998; Hannink et al. 2002).  Examples of 
such plants are stonewort (Nitella), hybrid poplars (Populus), and duckweed (Lemna 
minor).  Studies performed by Schnoor in 1995 found that phytodegradation occurs 
with the use of plant enzymes, such as nitroreductase, which have the ability to 
degrade aromatic rings in the absence of microorganisms (Schnoor et al. 1995).  
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Although phytoremediation is environmentally friendly, its main drawback is that it is 
a slow process. 
Concerns about the environmental fate of TNT residues have intensified with 
identification in vegetation of contaminated sites possibly allowing TNT, TNT 
metabolites, and plant-produced TNT intermediates to be introduced into the food 
chain. (Boopathy 1998).  In the US, the Army alone has estimated that over 1.2 
million tons of soil have been contaminated with explosives, and the impact of 
explosives contamination in other countries is of similar magnitude (Lewis 2004).  
The ultimate aim of this research is to apply the emulsion technique to 
remediate TNT contaminated soils and water.  Zero-valent iron, Fe0, has 
demonstrated effective degradation of trinitrotoluene (TNT); however, these particles 
by themselves have significant problems in treating sorbed phase TNT in an aerobic 
environment.  This research focuses on emulsifying Fe0 particles that are capable of 
promoting rapid and complete degradation of TNT molecules.  This work also 
examines the distribution of TNT in samples collected from Mosquito Bay and Kiani 
Lagoon in Vieques, Puerto Rico.  By collecting sediment and water samples from 
these sites, we were able to do a comparative study to examine explosive residues are 
still in these areas, and if so, how much of this contaminant is traveling across the 
island into the residential area.   
Experimental studies include:  
1) Degradation studies of neat nano-iron with aqueous TNT (Chapter 2) 
2) Degradation studies of nano-iron emulsion with aqueous TNT (Chapter 2) 
3)   Characterization of TNT in Vieques, Puerto Rico Sediment (Chapter 3) 
4)   Solid Phase Microextraction (SPME) technique with HPLC (Chapter 4) 
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Chapter 2:  Zero-Valent Iron/Emulsion Studies 
 
2.1 Introduction 
 
Iron has demonstrated effective results in the degradation of TNT (Agrawal 
1996).  Although the primary focus is on iron, other metals such as zinc, tin, and 
magnesium have potential to make good zero-valent metal particles.  Iron has been 
most commonly used in the past due to its low cost and non-toxicity.  NZVI has a 
small particle size (e.g. < 100 nm) and therefore a larger specific surface area (SSA) 
in comparison to microscale or granular irons (Geiger and Knighton 2009). 
 
Figure 2.  Pathways of TNT reduction 
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This research explores whether emulsification of iron particles will promote 
higher degradation compared to neat, non-emulsified iron particles. An emulsion is 
the mixture of two liquids that would not be combined under normal circumstances.   
Emulsions provide a crossing point between the two immiscible liquids and increase 
reaction surface area (Bibette 2002).  There are two distinguishable classes of 
emulsification techniques:   
1. Emulsification using a colloid mill or a high-pressure homogenizer; and 
2. Emulsification using laminar flows or gentle stirring. 
This research utilizes the first technique.  Emulsifying is accomplished by 
slowly adding one ingredient to another while simultaneously mixing rapidly. This 
disperses and suspends tiny droplets of one liquid through another (Bibette 2002).  
However, the two liquids would quickly separate again if an emulsifier were not 
added. Emulsifiers such as surfactants are liaisons between the two liquids and serve 
to stabilize the mixture (Sjoblom 2006).   The droplets of water in oil are being tested 
as minireactors for the reactions of contaminants with nanoparticles of metals 
(Sjoblom 2006).  Our emulsions were developed at UCF and consist of iron, water, 
oil, Span 85 (Quinn et al 2005).  Figure 3 by Quinn et al. 2005 shows a micrograph of 
an EZVI droplet and a detailed illustration.  This illustration shows the iron particles 
in the aqueous phase surrounded by an oil layer held together by the surfactant. 
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Figure 3.  Photograph and schematic of EZVI droplet illustrating particles of nZVI in 
water surrounded by the oil-liquid membrane (Quinn et al 2005). 
 
These heterogeneous mixtures of oil, water, iron, and surfactant are great 
solvents for both polar and non-polar compounds (Sjoblom 2006).  The emulsion 
particles contain the nano zero valet iron (NZVI) in water surrounded by an oil-liquid 
membrane.  NZVI promotes oxidative, abiotic degradation.   Therefore, when we 
combine the capabilities NZVI and the emulsion, we now have possibilities for 
anaerobic degradation which is driven by the donation of electrons from the 
surfactant and oil.     
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2.2   Previous Works 
 
In 1996, Agrawal and Tratnyek express the urgency to move forward in 
nitroaromatics remediation work.  The authors suggest that the persistence of 
nitroaromatic compounds continues because of their use in munitions, insecticides, 
herbicides, and pharmaceuticals.  Nitroaromatic compounds can also be produced 
naturally in the environment from aromatic contaminants (Agrawal et al., 1996).  
Although transformation reaction intermediates and products are commonly 
hydroxlyamines, nitroso compounds, and aromatic amines, these products are still of 
concern as environmental contaminants.  Therefore, it is suggested that these 
compounds require transformation beyond nitro reduction (Agrawal et al., 1996). 
 Their research investigates the use of ZVI to promote nitro reduction.  
Experiments examining effects of iron surface, effect of pH, and the effect of mixing 
rate using nitrobenzene were conducted.  The iron surface had a linear relationship 
with the rate constant for the degradation of nitrobenzene.  Agrawal et al. (1996) 
states that greater surface area was generally associated with a higher rate constant, 
which yields faster degradation of nitrobenzene.    In addition, they indicate no clear 
effects within the natural environmental pH ranges of 6-8 and a slight decrease in 
degradation rates for pH below 6.  Agrawal et al. (1996) found that mixing rates do 
positively impact degradation of nitro groups.  Methods incorporated continuous 
shaking between time points in the study.  Likewise, our methods utilized the aid of a 
shaker table to promote constant interaction amount analyte and iron.   
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Military underwater testing often occurs directly offshore and sometimes may 
occur in saline or freshwaters.   Brannon et al. (2002) compared the fate and transport 
of explosives in both saline and freshwater environments.   There was general 
agreement in their results between freshwater and saltwater.  Their research concludes 
that the existing freshwater data can be applied to marine systems. 
The NZVI and EZVI studies were performed to chart degradation of TNT and 
also to record formation of byproducts formed.  TNT standards were received and 
calibration curves were conducted in order to obtain peak areas that correspond to 
ppm concentrations.  EPA method 8330 utilizes salting out extraction for low 
concentration samples.  Therefore, salting out studies were performed to determine 
the extraction efficiency.  When this method of extraction proved unreliable, 
sonication was used to aid in the extraction of TNT from emulsions by breaking the 
emulsion apart to release any TNT or byproducts that may be trapped within the 
aqueous/NZVI layer. 
2.3 Methods 
 
2.3.1   Standard Preparation 
 
TNT standards were obtained from Restek Corporation.  These standards are 
5000ppm in acetonitrile.  NZVI and Span 85 used for the preliminary studies were 
obtained from the Department of Chemistry at University of Central Florida in 
Orlando, FL.  The acetonitrile was obtained from Fisher Scientific.  Standards were 
prepared for use by diluting the Restek Standard in water to achieve various 
concentrations used for the experiments. 
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2.3.2  HPLC Calibration Methods 
 
A Shimadzu High Performance Liquid Chromatography (HPLC)  VP10 
equipped with a Premier C18 column was utilized for sample analysis.   All samples 
were analyzed with a Shimadzu HPLC.  Calibrations were performed using 8330 
nitroaromatics calibration standard obtained from Restek, Inc.  This calibration 
standard contained the following: 2-nitrotoluene; 2,4,6-trinitrotoluene; HMX; p-
nitrotoluene; 2,6-dinitrotoluene; 1,3-dinitrobenzene; 4-amino-2,6-dinitrotoluene; 
nitrobenzene; 2-amino-4,6-dinitrotoluene; 1,3,5-trinitrobenzene; tetryl; 2,4-
dinitrotoluene; 3-nitrotoluene; and RDX.   The 8330 Calibration Standard contains 
each constituent at 1000ppm concentration.   Duplicate dilutions were made of this 
standard to in concentrations varying from 0.0625ppm to 100ppm and subsequently a 
calibration sequence was run.  A sample calibration is shown in figure 4 which shows 
concentrations of 6.25, 12.5, and 25 ppm.  Preliminary samples were run with 50/50 
methanol/water solvent.  The mobile phase was changed to 50/50 acetonitrile/water to 
maintain peak visibility and reduce noise.  Samples were run with a blank of 
acetonitrile between each sample.    
The HPLC method and conditions were as follows: 
• Platinum C18 column 
• Temperature-35° C 
• Pump Flow-1mL/min 
• 50/50 Acetonitrile/water 
• Run time: 20min 
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Figure 4.  Calibration results of TNT Standards on the HPLC 
 
2.3.3 Salting Out Method for Emulsion 
 
When extracting TNT from solution with emulsion, salting out method was 
explored.  One gram of salt was added to liquid solution and allowed to stir.  After 
salt is in solution, three mL of acetonitrile was added three times in fifteen minute 
intervals.  Top layer was extracted with a filtered syringe and put into an autosampler 
vial for HPLC. 
 
While using the salting out method, an extraction efficiency trial was needed.  
The salting out method was performed in two trials using the same emulsion.  The 
results from the two trials are found below.  Initial concentrations of 100ppm had an 
average of 47% recovered for trial one and 11.46% for trial two.   
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Table 2.  Percentage TNT Recovered from EZVI using salting out extraction 
Trial # Sample # % TNT Recovered 
1 
 
1 89 
1 
 
2 0 
1 
 
3 0 
1 4 72 
1 
 
5 74 
2 1 2 
2 2 29 
2  3 22 
2 4 5 
2 5 0 
Total % TNT  
Recovered 
Trial 1-47% Trial 2-11.46% 
 
  
 
Salting out methods of extraction prove unreliable when used to extract TNT from 
EZVI.  For each sample different recovery amounts were obtained and there is high 
variance among the samples.  Since average recovery rates are below 50%, salting out 
is not recommended for use with EZVI.  Although the salting method is a suggested 
method of extraction in EPA Method 8330, an alternate extraction technique was 
utilized. Based upon previous EZVI studies, sonication was found to be an effective 
extraction technique and was therefore utilized in this research (Quinn et al 2005).   
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2.3.4   Nanoscale Zero-Valent Iron Studies (NZVI) 
Several studies have been conducted testing the degradative properties of 
NZVI.  NZVI studies were conducted using one gram of NZVI and 5mL of various 
concentrations of TNT in water or acetonitrile in an amber screw top vial.  Control 
vials contained five mL of TNT standard.  Samples were run in duplicate, placed on a 
shaker table, and agitated for varying periods of time.  Extractions were taken at 0hr, 
3hrs, 6hrs, 24hrs, 48hrs, and 1 week.  Each extraction was filtered using Milex® 
Syringe Driven Filter Units, placed in two mL autosampler vials, and analyzed using 
High Performance Liquid Chromatography (HPLC).     
 
2.3.5  Nanoscale Zero-Valent Iron Emulsion Studies (EZVI) 
NZVI emulsions were made by combining one hundred mL of water, twenty 
grams of NZVI, eighty mL of Mazola corn oil, and three grams of Span 85 surfactant.  
Water and NZVI was added to the blender and allowed to mix.  While blending, corn 
oil and surfactant was added slowly.  After all oil/Span was added, the mixture was 
blended for an additional minute until a homogenous mixture was achieved.   
Emulsion stability was tested by placing a small amount (approximately 3g) in 
a clear vial with DI water.  The vial was capped and shaken by hand for 
approximately 30 seconds.  A stable emulsion leaves the water in the vial clear and 
may contain smaller amounts of emulsion floating throughout.  However, an unstable 
emulsion will result in cloudy/milky solution in the vial and should be discarded.   
In amber screw top vials, two and a half grams of EZVI or one gram of NZVI 
and five mL of varied (50, 100, and 120ppm) concentrations TNT in water were 
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combined.   Samples were allowed to shake on a shaker table until extraction time 
points were reached.  Extraction times were at varying time points ranging from 0hr 
to 3weeks, depending on the study.  Upon extraction, samples were sonicated for 15 
minutes and were filtered using Milex 0.45micron syringe filters.   
 
2.3.6 EZVI/NZVI Results 
 
The first study conducted with the NZVI was in November 2006 over a 48 
hour time period. The results from this preliminary study are illustrated in Figure 5.   
 Figure 5.  48 hour TNT degradation with NZVI 
 
 In this study, NZVI proves effective in degrading TNT.  The concentrations of 
TNT in solution decreased over 50% more when treated with NZVI than the control 
group.  The Error bars represent +/- one standard deviation.   While the concentration 
of TNT was monitored, byproducts with retention times from 2.3-18.2 minutes after 
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sample injection were observed.  Table 3 lists byproduct retention times and 
associated peak areas.   
Table 3. Peak areas of byproducts that were formed during the treatment of 2,4,6-
Trinitrotoluene with NZVI.  
 
 By-Product 
1 
By-Product 
2 
By-Product 
3 
By-Product 
4 
By-Product 
5 
By-Product 
6 
Retention 
time 
(min) 
2.3 3.8 9.8 10.2 10.2 18.2 
TIME 
(h) 
Peak areas  
0 660756 755660.5 n/a n/a n/a n/a 
2 1265437.5 2045063.5 n/a n/a n/a 8807246 
4 1950294.5 2256897 n/a n/a n/a n/a 
24 1014709.5 n/a 81193 115931.5 150139.5 100714 
48 1297139.5 n/a n/a 78082.5 119858 n/a 
 
Concentrations decreased over time, indicating that as the byproducts are being 
formed, they are also decomposing as well, some to complete degradation.  Further 
analysis with mass spectroscopy would assist in byproduct identification.  
In Spring 2007, a longer study was performed using NZVI.  In this study the 
time period was one week and the results are shown in Figure 6.   
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Figure 6.  Results from one week study using NZVI 
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In this study, the concentration of TNT only decreased by 15.5%  in the first 48hours 
in contrast to the preliminary study which showed over 50% degradation over the 
same time period.  Upon further investigation it was discovered that the reactivity of 
NZVI used was minimal.  Therefore, fresh NZVI was obtained from Toda in Japan. 
 The final study utilizing NZVI and EZVI was conducted over a three week 
time span.  In this study, both older NZVI (NZVI UCF) and fresh NZVI (NZVI Toda) 
were used in neat and emulsion forms.  The results are shown in Figure 7.  
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Figure 7.   NZVI/EZVI 3 week comparison study 
 
In this study, NZVI UCF had 51.32% TNT degradation after three weeks in 
comparison with NZVI Toda which had 100% degradation after only two weeks.    
Likewise, EZVI UCF had 26.69% TNT degradation as compared to EZVI Toda with 
57.10% TNT degradation over the same three week time period.   
Both the neat NZVI and EZVI experiments using NZVI Toda proved 
successful; however, emulsion results using EZVI made with NZVI Toda yielded 
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higher degradation than current and prior studies using EZVI UCF.  When examining 
EZVI results, it is apparent that when emulsions are made using newer, more reactive 
iron, higher degradation is achieved.    
When considering using NZVI in-situ for remediation, oxidation effects to the 
non-reacted metal should be considered.  Agrawal indicates ZVI can be easily 
oxidized to ferrous iron by many substances, which can dramatically decrease the 
surface area available for degradation.    In aqueous environments, metal corrosion 
can occur to inhibit the reactivity of ZVI to degrade TNT.  Because of this, emulsions 
show promise for reducing oxidative effects in-situ.  Emulsions have remained stable 
in a beaker at room temperature for one year.  Although neat metal experiments 
illustrate rapid reduction in laboratory samples, emulsions show potential for more 
efficient degradation over longer periods of time with decreased loss of non-reacted 
surface area because of the oil/water barrier that is created at the emulsion surface.  
Although longer studies are vital in determining the long term effectiveness of 
NZVI and EZVI, most activity occurs in the initial 48hours of exposure.  The first 48 
hours is when the initial degradation occurs and primary intermediates are formed.  
After longer exposure, these intermediates are broken down and other transformation 
products appear.  In order to look at the full scope of TNT degradation, both short 
term and long term experiments have to be considered.   
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CHAPTER THREE 
Vieques, PR 
 
3.1 Introduction 
 
During the last 100 years the use of conventional weapons in training and in 
combat has left behind a polluted environment with noxious compounds and heavy 
metals (Simini 1995, DOD 1999, Diaz 2003). The threat of contamination to soil and 
groundwater exists because of possible physical migration or from uptake by 
organisms (Rittmann 1994, Mueller 1995).  The vegetation of the contaminated sites 
pose a serious and immediate problem, since plant uptake would provide an entry of 
munitions materials, transformation products and plant produced metabolites into 
food webs (Mueller 1995). Remediation of contaminated sediment and water is 
necessary to avoid further distribution of TNT throughout the environment and to 
eliminate any potential future hazards.  
In Vieques, Puerto Rico, The Atlantic Fleet Weapons Training Area consists 
of areas and nearby waters that have become contaminated primarily by United States 
Department of Defense (DOD) activities (US EPA, 2005). These areas include the 
Eastern Maneuver Area (including Camp Garcia), the former Surface Impact Area, 
the Live Impact Area, and the Eastern Conservation Zone on the east end of Vieques 
(US EPA, 2005). Within the Naval Ammunition Support Detachment (NASD) which 
is located on the western end of Vieques, the facility incorporates, but is not 
necessarily limited to, eight areas for which the Navy considers the ongoing 
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investigations and remediation to be incomplete (US EPA, 2005).  The waters 
encompassing these areas are widely uncharacterized. Known areas of concern 
include waters influenced by target practice on the eastern side Vieques, areas where 
ships were anchored north of Vieques, and waters closer to the western side of 
Vieques, including Mosquito Pier (US EPA, 2005).  The east side of the Island of 
Vieques was used for all facets of naval gunfire training and munitions testing 
(illustrated in Figure 11).  The west side of the island was used mostly for 
ammunition loading and storage, and vehicle and facility maintenance.   The central 
section of the island is predominately residential.   
According to an Environmental Protection Agency (EPA) report, the amount 
of unexploded ordnance and debris from exploded ordnance was widespread in range 
areas of Vieques and in the surrounding waters. Hazardous substances associated with 
ordnance use may include mercury, lead, copper, magnesium, lithium, perchlorate, 
TNT, napalm, and depleted uranium among others (US EPA, 2005).  The existing 
hazardous substances may also include a range of chemicals such as poly-chlorinated 
bi-phenyls (PCBs), solvents, and pesticides (US EPA, 2005). 
EPA also affirms that Vieques has a population of about 9,300.  Since 
Vieques is becoming a point for active tourism, both visitors and residents access 
beaches, fisheries, and recreational waters.  If these areas are impacted by past 
military training, this can have adverse effects on the health of residents and tourists 
alike. Since Naval activities ended in May 2003 large portions of the impacted areas 
have been set aside as a wildlife refuge that is home to at least 25 endangered species 
(Federal and Puerto Rican), and other sensitive environments (US EPA, 2005).  
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Characterization and remediation of TNT in these areas is necessary to protect the 
health and welfare of the present and future Vieques residents and visitors.   
 
3.2  Previous TNT Characterization/Sampling/Interest 
Our research group collaborates with the Dr. Ashanti Pyrtle’s 
Radiogeochemistry Lab in the College of Marine Science at the University of South 
Florida.  Environmental monitoring and assessments of Vieques, PR conducted by the 
Pyrtle Group have been ongoing for the past three years.   Because of the military 
activity that occurred due to the US NAVY Atlantic Fleet Weapons Training Facility, 
several contaminants, including heavy metals and depleted uranium, have been 
released (Ithier-Guzmán et al. 2007).   Surface and downcore sediment analysis 
indicate the presence of Cs-137 in the sediments of Vieques with concentrations 
ranging from below detection limits to 0.01 Bq/g (Ithier-Guzmán et al. 2007).  As 
with TNT, Cs-137 retention is highly influenced by particle size and clay mineralogy.  
All sediment samples from the Mosquito Bay (Figure 11) site at depths deeper than 
12cm contained Cs-137 (Mayo et al. 2006). Notable Cs-137 activities were detected 
at deeper depths for cores from Kiani Lagoon (Mayo et al., 2006).   
Kiani Lagoon and Mosquito Bay displayed clay size particles which averaged 
4.53 % and 2.12%, respectively (Mayo et al. 2006). Mosquito Bay exhibits 
differences down core with slight variations in the upper 10 cm and deeper (24-30 
cm) sediments while the middle section (11-24 cm) remain fairly constant, as 
indicated in Figure 8 (Mayo et al., 2006). Because of common environmental hazard 
concerns, this site was chosen as a characterization site for TNT and nitroaromatics.    
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Figure 8.  Percent grain size in Mosquito Bay, VNWR, Puerto Rico (Mayo et 
al. 2006) 
Environmental risk assessment of nitroaromatics has been previously 
conducted at Camp Edwards and the Massachusetts Military Reservation shown in 
Figure 9 (Clausen 2004).   
Figure 9.  Location of the Massachusetts Military Reservation and Camp 
Edwards 
 
This study consisted of 7,833 shallow surface soil samples representing 1,989 
individual locations from 182 areas of investigation.  Samples consisted of 533 soil 
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boring profile samples came from 146 soil borings, 69 sediment samples from 19 
water bodies, and 64 surface water samples from 19 bodies of water.  Five storm 
water samples from the perimeter of the Impact Area were taken and 3,959 
groundwater profiling samples from 256 borings.  Lastly, 1,467 groundwater samples 
were obtained from 651 monitoring wells at 256 locations. 
The explosive residues that were initially on the Camp Edwards list prior to 
this study are shown in Table 4.  However, over 80 additional residues were actually 
found on the premises.   
Table 4.  Explosive compounds on the Camp Edwards analyte list 
1,3-dinitrobenzene 2-nitrotoluene  Dinitroso-hexahydro-1,3,5-
triazine (DNX) 
1,3,5-trinitrobenzene (TNB) 3-nitrotoluene Nitroso-dinitro-hexahydro-
1,3,5-triazine (MNX) 
2-amino-4,6-dinitrotoluene (2A-DNT)  4-nitrotoluene Tri-nitroso-hexahydro-1,3,5-
triazine (TNX) 
4-amino-2,6-dinitrotoluene (4A-DNT) 
     Tetryl Octahydro-1,3,5,6-tetranitro-
1,3,5,7-tetrazocine (HMX) 
2,4-diamino-6-nitrotoluene (2,4-DANT) 
     2,4,6-trinitrotoluene PETN 
2,6-diamino-4-nitrotoluene (2,6-DANT) 
     Picric Acid Hexahydro-1,3,5-trinitro-1,3,5-
triazine (RDX) 
2,4-dinitrotoluene (2,4-DNT) 
     Nitrobenzene  Nitroglycerine 
 
Contaminants included nitroaromatics as well as many organic pollutants 
were detected.   At Camp Edwards, although primary focus of the researchers was 
on explosive residues, their research discovered many other contaminant issues.  
Their findings report that contaminants were found in surface soils in areas where 
artillery and mortar firing occurred (Clausen et al. 2004).  Additional 
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contamination was found in deeper soils and groundwater where impact blasting 
and detonations took place.  Our sites were chosen because of prior research 
conducted by the Pyrtle group which revealed areas of radionuclide 
contamination.  Figure 10 from Clausen et al. (2004) is a schematic of how 
contaminants can enter and be transported throughout an environmental system.    
Figure 10.  Conceptual Model of Contaminant Transport for Camp Edwards proposed 
by J. Clausen et al. 2004 
 
In addition to the topsoil contamination, water soluble contaminants can 
percolate through the deeper soil depths and enter groundwater flow.  Once the 
contaminants are fully mobile in the groundwater, transport is facilitated by the 
natural direction groundwater flow.  
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3.3  Field sampling  
 
 Samples were collected from two locations in Puerto Rico (Figure 11).   
 
 
 
US Navy Public information site 
Figure 11. Map of Vieques with two sampling locations circled in red 
 
First, in Mosquito Bay, which is located on the southern border of the residential 
section and the naval section of Vieques.  Second, in the northern section of the island 
at Kiani Lagoon sediment samples were collected.  Cores were taken using 
polycarbonate core liners and the top 10cm was collected for analysis.  Water samples 
were collected from each site in 1L amber screw cap bottles.  Additionally, Lamotte 
sampling tubes were used to collect topsoil/sediment samples A-F around each core 
(Figure 12).    
 
 
 
Kiani 
Lagoon 
Mosquito Bay 
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Figure 12.  Topsoil sampling diagram 
 
 
3.4 Sample handling and storage 
  
 After sample collection, the first 5 cm of each core was put into an amber jar 
and capped.  The rest of the core each core (5-10cm) was then added to another 
amber glass jar.  All samples were stored in the amber glass jars and kept cold at 
approximately 4ºC and transported back to the laboratory for analysis.  Extraction and 
HPLC analysis was performed within 14 days of sample acquisition. 
 In a study performed by Grant (1993), the two nitramines HMX and RDX 
were stable for all soils under all storage temperatures. For the three nitroaromatics 
(TNB, TNT and 2,4-DNT) the results were very different, in that all three analytes 
rapidly degraded in spiked soils at room temperature, more slowly degraded under 
refrigerator temperature, and remained quite stable when frozen (Grant, 1993). Of the 
three, TNB degraded most rapidly, followed by TNT and 2,4-DNT. The degradation 
Core 
B 
C A 
D 
F 
E 
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at room temperature and in the refrigerator was much faster for one soil than for the 
others (Grant 1993). For the field-contaminated soil, the nitroaromatics were much 
more stable, even at room temperature, although some degradation occurred (Grant 
1993). When frozen, a maximum holding time of eight weeks is recommended (Grant 
1993).  Although this study deals particularly with soils, we achieved full analysis of 
the samples within one month.   
 
 
3.5  Sample Processing Methods 
 
Pore water from core samples was extracted using centrifugation at 3,000 rpm 
for thirty minutes at 4ºC per sample, following the Unsaturated Flow Apparatus 
Method for extracting Pore Fluids from relatively impermeable and highly 
unsaturated porous media (UFA 1997). The extracted pore water was then filtered 
through a 0.45µm PVDF Durapore Millex filters using a 5 ml SGE syringe. High-
level direct injection and low-level salting out extractions were preformed on all 
surface and pore water samples using EPA method 8330 coupled with reversed-phase 
HPLC (RP-HPLC) analysis. 
 After centrifugation, the soil samples were immediately dried in a muffle oven 
at 80°C for 24 hours. Samples were ground and homogenized in an acetonitrile-rinsed 
mortar and passed through 63µm mesh sieve. Subsamples were collected and stored 
in 20mL IChem vials.  For analysis, each soil sample was extracted with acetonitrile 
in an ultrasonic bath for 18hours, combined with calcium chloride solution and 
filtered through 0.45µm PVDF filters following Method 8330 and stored for later 
HPLC analysis.  
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3.6  Results and Discussion 
 
8330 Nitroaromatics calibration standards were obtained from Restek 
Corporation. Figure 13 below illustrates a chromatogram obtained using a standard.   
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Figure 5.  HPLC Chromatogram of 8330 Nitroaromatics Calibration Standard obtained 
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Figure 13.  HPLC Chromatogram of 8330 Nitroaromatics Calibration 
Standard obtained from Restek Corp. 
 
A sample chromatogram from one of the samples from one of the samples 
taken from Kiani Lagoon is shown in Figure 14. 
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Figure 4.  HPLC Chromatogram of Kiani Lagoon Core Sample 0-5cm
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Figure 14.  HPLC Chromatogram of Kiani Lagoon Core Sample 0-5cm 
  This sample was from the top 5cm of the core.  All chromatograms contained 
the two peaks just before two minutes.  These peaks occurred because of the salinity 
of the seawater and were not apparent in blank acetonitrile samples. Table 5 lists the 
results from sediment analysis.  HPLC detection limits on the HPLC were 0.0625ppm 
and TNT levels were undetectable in all samples within this limit.  
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Table 5.  Vieques, PR sediment analysis results 
Location Grain Size (‹63µm) Grain Size  (›63µm) 
Kiani Lagoon TNT Levels TNT Levels 
Top (0-5cm)  Undetectable Undetectable 
Bottom (5-10cm) Undetectable Undetectable 
Surface Sample A Undetectable Undetectable 
Surface Sample B Undetectable Undetectable 
Surface Sample C Undetectable Undetectable 
Surface Sample D Undetectable Undetectable 
Surface Sample E Undetectable Undetectable 
Surface Sample F Undetectable Undetectable 
Mosquito Bay   
Top (0-5cm)  Undetectable Undetectable 
Bottom (5-10cm) Undetectable Undetectable 
Surface Sample A Undetectable Undetectable 
Surface Sample B Undetectable Undetectable 
Surface Sample C Undetectable Undetectable 
Surface Sample D Undetectable Undetectable 
Surface Sample E Undetectable Undetectable 
Surface Sample F Undetectable Undetectable 
Samples were collected from areas where prior work from our lab has been 
done.  If there were a return sampling trip to Vieques, a variation to the sampling area 
could be implemented by sampling different regions that may be closer to where 
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bombing actually took place, including areas where prior research has previously 
found TNT.  If explosives had been found, we could execute our current remediation 
techniques with the Vieques sediment.  This would make it possible for us to assess 
the effects of using zero-valent iron metal and iron metal emulsions on contaminated 
Vieques sediment. 
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Chapter 4:  Solid Phase Microextraction 
 
4.1  Introduction 
Although methods such as solvent extraction and sonication (such methods 
are employed in EPA Method 8330) have proved successful, newer technologies such 
as Solid Phase Microextraction (SPME) are becoming abundant.  SPME, coupled 
with HPLC, has the potential to facilitate the extraction process illustrated in Figure 
15.   
 
 
 
 
 
 
 
 
Figure 15.  SPME Fiber absorption (www.labhut.com) 
SPME extraction is a two part process.  Part I consists of separation of the 
analyte between the fiber coating and the sample (Pena-Luengas 2007).  Part II 
consists of desorption of the analyte from the fiber and analysis on HPLC (Pena-
Luengas 2007).  When using SPME fibers, one can extract directly by submersion in 
a liquid sample, or by sampling the headspace in a soil/soil slurry sample.   
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 Gaurav 2007 explores the effect of salinity on the extraction of nitroaromatic 
compounds using SPME fibers.  Their study looked at solutions of HMX, RDX, 
TNB, DNB, Tetryl, 3,4-DNT, TNT, and 4-ADNT.  Each energetic compound was 
examined in solutions of 3, 10, 20, and 30% NaCl (w/v) in water.  The results from 
their study shows that better SPME fiber sorption occurred in more saline water, with 
30% having the highest extraction amount for every compound.   This makes SPME 
use in ocean/saline samples ideal versus processing the salt water through the HPLC.   
This research examined the limits of SPME fibers and utilizes these fibers as a 
secondary extraction technique. 
SPME extraction is considered complete when equilibrium is achieved 
between between the sample and the SPME fiber.  Pawliszyn introduces the 
following equation to describe equilibrium conditions:  
 n=KfsVfVsC0 
      KfsVf+Vs 
where n is the extracted amount by the fiber, Kfs is the fiber coating/sample matrix 
distribution constant, Vf is the volume of the fiber coating, Vs is the volume of 
sample, and C0 is the initial concentration the given analyte in the sample (Pawliszyn, 
1997).   This equation also reflects that the relationship between the sample 
concentration and the amount of analyte to be extracted is directly proportional 
(Pawliszyn, 1997). 
 In order to ensure rapid and complete extraction, agitation is suggested by 
Pawliszyn.  In aqueous solutions, more effective agitation techniques such as 
sonication, stirring, vial movement (facilitated by a shaker table), or faster solvent 
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flow are proposed (Pawliszyn, 1997).   During extraction, the liquid immediately 
encompassing the fiber becomes depleted of target analytes creating a “depletion 
zone.”  Agitation is required to minimize the effect caused by the depletion zone 
surrounding the fiber during extraction (Pawliszyn 1997). 
SPME shows much promise as an innovative extraction technology.  Due to 
its sampling procedure, it can greatly reduce the amount of solvent needed to extract 
the target analyte, as opposed to other methods such as EPA Method 8330.  Using 
SPME and polished techniques, extraction may be achieved without the addition of 
any addition solvent to the sample.  In contrast, EPA Method 8330 requires the 
addition of 10-20mL of solvent per sample.  In large batch studies, this can create 
much waste for disposal contributing to further environmental contamination.   
 
4.2 SPME Methods 
 When implementing SPME techniques, Pawliszyn suggests the four stages to 
be included in method development:  extraction strategy, hardware selection, initial 
optimization, and calibration and validation.  Extraction strategy incorporates 
selecting a proper fiber coating for the target analyte and selection of extraction mode 
(direct or headspace).  Hardware selection includes selection of separation or 
detection technique and optimizing the desorption conditions.  Initial optimization of 
the method begins by determining the optimal sample volume, extraction times, and 
extraction conditions such as pH, salt, and temperature.  The instrument calibration 
and validation is the fourth step in the method development process.  Here, method 
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precision and verification of equilibrium time, sensitivity, and linear dynamic range 
can be established. 
 
For this research, the fiber coating was selected from a prearranged list 
provided by Supelco.  The 65 µm polydimethylsiloxane/divinylbenzene fiber was 
chosen for its selectivity for nitroaromatics.  Reagents used include acetonitrile, 
methanol, and water and the extraction mode used was direct sampling.  This study 
examined extraction efficiency of TNT among the three solvents.   
 
4.3  SPME Extraction Results and Discussion 
SPME extractions were performed 12, 50, and 100ppm solutions of TNT in water, 
acetonitrile, and methanol.  For each sample the fiber was directly in solution for 
20minutes.  Afterwards, SPME fiber was transferred to the HPLC interface and 
injected.  Volume in the desorption chamber was 200mL.  Figures 16, 17, and 18 
illustrate SPME extraction of TNT in water, acetonitrile, and methanol respectively.  
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Figure 16.  TNT  Concentration vs. Peak Area results from SPME extraction in water 
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Figure 17. TNT Concentration vs. Peak Area results from SPME extraction in 
acetonitrile 
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Figure 18. TNT Concentration vs. Peak Area results from SPME extraction in 
methanol 
Water extraction showed a linear regression with a 99% goodness of fit.  Both 
methanol and acetonitrile extractions lacked linearity and had relatively low and 
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inconsistent peak areas compared to water extractions.  Because of the fiber’s affinity 
towards water, SPME use proves ideal for extraction in aqueous samples. 
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Chapter 5:  Conclusions 
  
 Environmental contamination due to energetic compounds such as 
trinitrotoluene is a growing environmental concern.  Explosive residues are not only 
toxic to humans, but also to plants and animals.   This research involves remediation 
techniques, characterization, and employing efficient analytical techniques to reduce 
solvent waste.  Remediation systems include the use of zero-valent iron and zero-
valent iron emulsions as a degradative vehicle.  Studies also included characterization 
of trinitrotoluene in Vieques, Puerto Rico and the use of solid phase microextraction 
as an alternative to EPA Method 8330 soil and water extraction. 
 Results from NZVI studies showed it has capabilities to degrade TNT 
successfully.  More degradation was seen in studies using iron that was newer 
because of oxidation on the surface of the NZVI particles.  EZVI studies were 
successful as well, and have the possibilities for degradation over longer periods of 
time.  When used in situ, this can be an advantage for long term remediation of 
sediments as opposed to neat NZVI which has time limitations. 
 Although our results from Vieques, PR showed undetectable amounts of TNT, 
had there been detectable TNT concentrations in the sediments, both NZVI/EZVI 
studies would have been performed as well as SPME extraction techniques.   
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